e have studied the progression of healing in 103 unstable fractures of the tibia. In 76 patients we removed the external fixator once the stiffness had reached 15 Nm/° in the sagittal plane. Deformity at the site of the fracture subsequently occurred in four patients. In a further 27, we measured stiffness in several planes and removed the fixator only when the stiffness reached 15 Nm/° in each. We found that stiffness in two orthogonal planes may differ widely (maximum difference 9.0 Nm/°, mean 4.1 Nm/°). There were no failures in the second group. We advocate that fracture stiffness be measured in two orthogonal planes when assessing tibial healing and suggest that values above 15 Nm/° in two planes give an indication that it is safe to remove the fixator. The definition of the endpoint in the healing of fractures does not depend on serial radiographs and clinical assessment. Radiographs are reliable in no more than half of the cases 1 and manual assessment has been shown to overpredict the stability of the fracture in 83% of injuries. 
The definition of the endpoint in the healing of fractures does not depend on serial radiographs and clinical assessment. Radiographs are reliable in no more than half of the cases 1 and manual assessment has been shown to overpredict the stability of the fracture in 83% of injuries. 2 Differing methods of treatment add further uncertainties. 3 In a series of 200 patients fracture stiffness of 15 Nm/° in the sagittal plane was used to define healing in tibial fractures treated by external fixation. 4 The time to healing appeared to be reduced by three weeks and no refractures were noted after removal of the fixator. The method has an accuracy of the order of 3% when measuring stiffness within the range used clinically. 5, 6 The fracture stiffness mirrors the strength of a healing fracture up to the point at which independent weight-bearing is possible. 7 Other methods of assessment include dexa-scans, 8 vibrational analysis, 9 scintigraphy 10 and ultrasound. 11 These have been shown to be inaccurate or are limited by their complexity to use in research.
Fractures heal asymmetrically. The formation of callus around a healing fracture is affected by both the internal pattern of the fracture and external influences. Stress shielding on the side of a unilateral fixator, for instance, reduces the formation of callus. This asymmetry of the callus must affect the measurement of fracture stiffness. Hardy et al 5 demonstrated the effect of the fibula on the measurement of stiffness in the tibia, but the role of the fracture pattern on fracture stiffness has not been studied. Fracture stiffness gives an objective endpoint in the healing of the fractures but uniplanar measurements have limitations. We have studied a large series of patients treated for tibial fractures in which fracture stiffness was used to determine when the fixator was removed.
Patients and Methods
In a group of 103 patients with unstable fractures of the tibia treated by external fixation, fracture stiffness was used to define the endpoint of the healing process. Measurements of stiffness were made using the Orthometer (Orthofix, Verona, Italy) in the outpatient department. With the patient supine, the force-plate was positioned under the heel with a bolster supporting the knee. The fixator was removed and a goniometer clamped between the two sets of pins. A strain was applied manually and stiffness was calculated on a hand-held computer as a function of angular deflection for a given moment. By rotating the leg, other planes of stiffness could be measured.
All patients followed a standard postoperative regime, defined by the senior author (PBMT). Routine radiographs were taken and measurements of stiffness were made in the sagittal plane beginning at ten weeks and thereafter at twoweekly intervals. In the first 76 patients (group I) the stiffness was measured only in the sagittal plane. In the remaining 27 (group II) measurements were made in the sagittal plane and in planes perpendicular and parallel to the pins.
The decision to remove the external fixator was based entirely on the measured fracture stiffness being more than 15 Nm/° in the sagittal plane in group I or in several planes in group II. When the frame was removed patients were warned to use the limb only as much as necessary and to report any adverse events or symptoms. They were reviewed and radiographs taken two weeks after removal of the fixator. Table I gives the details of the two groups. In the first group four patients of 76 (5.3%) had a loss of reduction after removal of the fixator when the fracture stiffness was greater than 15 Nm/° in the sagittal plane (Table II) .
Results
Each 'refracture' occurred slowly over a period of several days and resulted in malunion; two required further intervention but all eventually healed. There was no unusual pattern of fracture or soft-tissue injury in these four patients.
In group II in which measurements were made in both planes, no angular displacement occurred. A series of 27 measurements, taken when the fracture was close to union with a stiffness of greater than 15 Nm/° in one plane, showed considerable variation between planes (Table III) . The maximum variation was 9.0 Nm/° (median 4.1); only one patient showed uniform stiffness in both planes. In the group in which the sagittal stiffness was shown to be greater than 15 Nm/° (19 of 21), three patients had stiffness in other planes of less than 15 Nm/°. There was no difference in the variation of maximum stiffness between transverse and oblique fractures (mean 4.3 v 4.7). 
Discussion
The definition of the endpoint in the healing of fractures is not simple. The management of fracture stiffness has proved to be useful in assessing the healing of tibial fractures treated by external fixation. It is simple to perform in the clinic and has been shown to be accurate to within 3%. 5 It gives the clinician, and the patient, a numerical indicator of how healing is progressing and is the only objective measurement available as to when a fixator may be removed. We have studied 103 tibial fractures and shown that measurements of fracture stiffness in one plane only is not reliable. In accepting our endpoint as 15 Nm/° in the sagittal plane 4 we had four 'refractures' after removal of the fixator, all by gradual plastic deformation. The difference between the stiffness in each plane with a maximum variation 9.0 Nm/° may account for the failures in the first group. When the stiffness was greater than 15 Nm/° in the sagittal plane it may well have been too low in another plane (Table III, case 21 ).
In a parallel study of fracture configuration, we detected no predictable effect on the stiffness in multiple planes. Comparing oblique with transverse fractures in several planes, there was no difference in the maximum variation of stiffness. This implies that the plane of the fracture and the plane of fracture stiffness may not be important. An intact fibula, asymmetrical growth of callus and the softtissue sleeve, in particular an intact periosteal hinge, must be influential. The plastic properties of healing callus have been shown to be non-linear in relation to fracture stiffness. 12 The failures in our series all occurred gradually over several days. Fracture stiffness is a useful tool with which to study the healing of fractures; the effects of differing treatments on the rate of healing can only be studied if a definable and measurable endpoint is used. Fracture stiffness has been used in trials of micromovement, 13 providing an objective rather than subjective measurement. We have shown that 15 Nm/° in the sagittal plane alone is not sufficient for determining when an external fixator can be removed from the tibia. We suggest that it is safe to remove an external fixator from the tibia once stiffness has risen above 15 Nm/°i n at least two orthogonal planes.
